The extrusion process of plastic profile with metal insert is a kind of novel and advanced plastic processing method which requires rigorous control on processing conditions to ensure the quality and performance of final products. However, it is still difficult to achieve an optimal processing design by using traditional "trial and error" method. An optimization approach for the processing design in the extrusion process of plastic profile with metal insert is proposed based on finite element simulation, back propagation neural network and genetic algorithm in the study. The finite element simulation is conducted to predict polymer melts flow in the extrusion process. The simulated results are extracted for the establishment of neural network. The genetic algorithm is performed for the search of globally optimal design variable with its objective function evaluated by using the established neural network model. The proposed approach is adopted for the optimization of processing conditions in the extrusion process of plastic profile with metal insert. According to the flow balance principle, the uniformity of outlet flow distribution is taken as the optimization objective with a constraint condition on the maximum shear stress. The optimization of two processing parameters including the volume flow rate and the metal insert moving velocity is conducted in the extrusion process of plastic profile with metal insert and the optimization objective is successfully achieved.
Introduction
The extrusion process of plastic profile with metal insert is a novel plastic processing technology. Its products as shown in Fig.1 not only maintain those characteristics of plastic like lower conductivity, better anticorrosion and excellent processability, but also get much more improvement on the strength and stiffness of the profile for the addition of metal insert like steel insert, aluminum alloy insert or copper insert. The optimal design for such profile extrusion process is to achieve a uniform flow distribution on the outlet cross-section of the flow channel so as to ensure requirements on the extrinsic feature, mechanical property and dimensional precision of the final products. However, controls on the processing conditions in practical manufacturing are still derived from many times of "trial and error" which inevitably causes a waste of time, manpower and material resources.
With the development of computation science and technology, optimization method has been gradually adopted in material processing field like polymer injection and extrusion process. Smith [1] proposed an optimization model for the processing design of steady viscous non-newtonian fluid based on numerical simulation and sensitivity analysis. Caneiro [2] presented an optimization approach for complex profile extrusion die design by adding a pre-parallel zone between the transition zone and the parallel zone. The flow balance is achieved by the optimization of the added pre-parallel zone length. Michaeli [3] introduced a new optimization method for complicated extrusion die design by combining finite element method with net theory which can accelerate the optimization process. The method can help to determine where and how to adjust die structure to achieve a unified distribution of polymer melts flow. Chung [4] introduced an optimization approach for extrusion die shape design by using generic algorithm and finite element analysis model. The objective function can be changed versus different die shapes. Svabik [5] further developed Koziey's [6] famous principle of minimum lateral flow and summarize three ways to adjust flow balance. Cunha [7] has indicated that current optimization method based on "trial and error" is inefficient and a more effective way is to solve its inverse problem to obtain desirable results. One of the strategies is to establish a system including modeling, objective function calculating and optimization algorithm. An optimization approach based on finite element simulation, BP (back propagation) neural network and genetic algorithm is proposed in the present study. According to the flow balance principle, the optimization model is established with the uniformity of flow distribution taken as the optimization objective and the processing parameters taken as the design variables. The characteristics of polymer melts flow in the extrusion process are simulated by using finite element method. The simulated results are extracted for the training of neural network which is executed by using BP (back propagation) algorithm. The evaluation of objective function and the search process of optimal design variable are controlled by the alternative calculation of neural network model and genetic algorithm. The optimization method presented in the study is adopted for the optimization of processing parameters in the extrusion process of plastic profile with metal insert. The objective of flow balance is achieved by the optimal design of two processing parameters including the volume flow rate and the metal insert moving velocity.
Optimization strategies
It is a key factor for successfully processing design in the profile extrusion process that to achieve uniform flow distribution on the outlet cross-section which can reduce residual stress and prevent the occurrence of distortion. The distribution of polymer melts flow is related to the extrusion flow patterns which can be adjusted by the variation of processing conditions. According to the flow balance principle, the minimum of quadratic mean deviation of flow velocity on the outlet cross-section to the mean outlet flow velocity is taken as the optimization objective function as follows
where k ϕ denotes the design variables, k is the number of design variables, i u means the melts flow velocity of each node on the outlet cross-section, i is the number of nodes on the outlet and u means the average melts flow velocity on the outlet cross-section.
Constraint conditions as shown in Eq.(2) can be added to the optimization model according to the processing characteristics. As for the extrusion process, the maximum pressure drop in the flow channel should not exceed what the extruder can afford to and the maximum flow stress of polymer melts should be lower than the critical value that polymer melts can tolerate as follows
where [ ] allow P Δ
and [ ] crit σ are respectively the allowable pressure drop and the critical flow stress.
As for the constraint optimization problem referred above, infeasible solutions may be obtained if the constraint conditions are not well treated. The penalty method is adopted in the paper and the objective function is reconstructed by introducing a penalty term as follows
where R is the penalty factor, n is the number of constraint conditions and ( ) i k g ϕ is the transformation of constraint conditions.
Algorithm implementations
An automatic optimization approach based on finite element simulation, BP neural network and genetic algorithm is established [8] . The searching process of globally optimal design variable is executed by the control of genetic algorithm. The implicit objective function is evaluated by using the neural network model that is trained by using the extracted finite element simulation results with a back propagation algorithm.
Finite element simulation
According to Computational Fluid Dynamics (CFD) theory, the governing equations used to solve such fluid flow problems as in the polymer extrusion process can be obtained from the continuity equation, momentum equation and energy equation respectively based on the conservation of mass, momentum and energy [9] .
Considering the flow characteristics of polymer melts in the flow channel when a successive extrusion is arrived, the simplifications and hypothesis like incompressible steady laminar flow, non-slip on die wall and ignorance of inertia force and gravity force can be made and following governing equations can thereby be obtained
where ∇ is the Hamilton differential operator, u is the velocity vector, p is the hydrostatic pressure, ρ is the material density, p C is the heat capacity, T is the temperature, τ is the extra stress tensor and k is the thermal conductivity.
The following constitutive equation is adopted to describe the relationship of stress and strain for viscous fluid flow
where
is the strain rate tensor, η is the apparent viscosity that is the function of shear rate γ& as described in the following Carreau model ( )
where 0 η is the zero shear viscosity, η ∞ is the infinite shear viscosity, λ is the relaxation time and n is the flow index.
The coupling between the momentum and energy conservation equations is achieved through temperature-dependent material properties following the WilliamsLandel-Ferry (WLF) equation. A shift factor T a obeying Eq.(9) is adopted to describe the temperature dependence of constitutive equation
where c is the WLF parameter. Material parameters 0 η , η ∞ and λ depend on temperature according to the following relations A penalty finite element method [10, 11] is employed to solve the above nonlinear system of the government equations. The penalty factor obeying p p λ = − ∇ ⋅ u is firstly introduced to avoid a direct calculation of the hydrostatic pressure and the following relationship is thereby obtained.
Substituting Eq. (11) and Eq. (7) into the momentum equation (5), the following governing equation is obtained
The Galerkin weighed residual method is adopted for the discretization of the motion equation where the weighted function is taken the same form as the element interpretation function and the following weak form of Eq. (12) can be obtained
where e Ω and e S are respectively the element region and element boundary, n is the outer normal unit vector on the boundary.
As for the discretization of energy equation, the upwind streamline Petrov-Galerkin (SUPG) scheme is employed to suppress undesirable oscillations in the calculation of temperature field and an asymmetric weighted function ι Ψ is introduced ( )
where the characteristic coefficient k is defined by velocity components at element 
After elemental stiffness matrix equations of momentum equation and energy equation being reassembled according to the nodes superposition principle, the following global stiffness matrix equations can be obtained
A decoupled iteration algorithm is employed to solve the above nonlinear problem [13] . The velocity field 
,
where u δ and T δ are respectively the convergent criterion of velocity vector and temperature, i denotes the iteration step.
BP neural network
Artificial neural network is a kind of large-scale distributed parallel system which has memory and association function like human brain. It can extract rules by learning from sample data and accordingly forms a steady network to acquire the demanding data.
The neural networks are frequently composed of units and connections. The units are arranged in three layers including input, output and hidden layers [14] . Except for neurons in the input layer, the input of each neuron in the other layers is the sum of the weighted output of the neurons in the prior layer that can be defined as
where k ji w is the weight between the neuron j in layer k and the neuron i in layer
− is the output of the neuron i in layer 1 k − . The output of the neuron j in layer k is represented by using the following transfer function
where the parameter j b serves as threshold value for the neuron j . The effect of the threshold value is to shift the transfer function in the horizontal axis.
After the output response is obtained, it will be compared with the desired pattern. The instantaneous output error of the neural net is defined as
where j T is the expected output and j O is the actual output.
Depended on the difference between the responded and the desired pattern, an error can be transmitted back to the input layer. The aim of learning algorithm is to reduce this error by adjusting the values of the connections between the units. The BP (back propagation) algorithm as a common learning algorithm is adopted in the present study.
The correction term ( ) 
where μ is the learning rate, κ is the momentum factor and m is the current iteration step.
According to the back propagation algorithm, the learning process is implemented as follows:
(1) Determine the structure of neural network including the number of network layer and the number of neurons on each layer;
(2) Randomly initialize the weighed factor and the threshold level;
(3) Input the learning samples and settle the demanding output and the tolerant error; (4) Calculate the actual output and error;
(5) If the actual error is larger than the tolerant error, adjust the weight factor and return to step (4); (6) Repeat step (4) to step (5) until the actual error is smaller than the tolerant error; (7) Record the network structure and the corresponding weight factor.
After the above learning process is ended, the newly constructed network model can be used to acquire and predict the demanding results when the test data is imported.
Generic algorithm
Genetic algorithm is firstly proposed by Holland [15] to simulate organic evolution by introducing the concepts of selection and mutation into the optimization calculation. As a global optimization algorithm, genetic algorithm shows even stronger adaptability to complex nonlinear problems compared with the gradient based optimization algorithm.
An efficient float-coding method is adopted in the present study [16] . As for the design variable The fitness function adopted in generic algorithm is an important evaluating indicator to weigh better or worse of each chromosome in the population. The linear scaling transformation method is adopted and the fitness function is defined as ( ) ( ) ( )
where δ is a positive number to be small enough.
Successful implementation of generic algorithm cannot be achieved without well control of three important genetic operators including selection operator, crossover operator and mutation operator. The proportional selection operator is adopted and the selection probability of the parent individuals i x is ( )
The arithmetic crossover method is adopted in the crossover operation. Suppose that the chromosomes ( ) When the uniform arithmetic crossover is adopted, r will be kept constant. If the nonuniform arithmetic crossover is adopted, r will be varied with the evolutionary generation.
The non-uniform mutation method is executed in the crossover operation and the mutated gene [ ]
where the mutation value ( ) 2 max
r and 2 r are random numbers generated between [ ] 0,1 , G and max G are respectively the current generation number and the maximum generation number, b is a shape factor that determine the dependency on evolutionary generation.
Applications and discussion

Extrusion process of plastic profile with metal insert
There are some differences between the extrusion process of plastic profile with metal insert and the general plastic profile extrusion process for the sake of the imbedding of metal insert. As it is shown in Fig. 2 , the polymer pellets mixed in a definite proportion are firstly heated by the extruder and then the fusing polymer melts are extruded though the extrusion die to be coated onto the moving metal insert. After being shaped and cooled in the calibration/cooling table, the plastic profile with metal insert can be obtained.
Compared with general plastic profile extrusion, a special extrusion die as sketched in Fig. 3 is adopted. The fusing polymer melts enter the flow channel by a definite angle to the metal insert moving direction and then allocated by the die insert and gradually develop a forward straight flow in the adapter. After transition and compression, the preliminarily shaped melts are coated onto the moving metal insert. So, the pressure provided by the extruder and the dragging force created by the metal insert come to be the common driving force during the extrusion process of plastic profile with metal insert which is different from the pressure driven flow in general plastic profile extrusion process. Polymer melts experience relatively complex shear and deformation in the flow channel during this novel extrusion process and it results in a special changing law for melts rheological properties. Fig. 2 . Diagram of the extrusion process of plastic profile with metal insert; 1-extruder, 2-extrusion die, 3-calibration/cooling, 4-profile haul-off, 5-saw, 6-profile, 7-metal insert haul-off, 8-metal insert. Fig. 3 . Diagram of the extrusion die structure; 1-combination section, 2-transition section, 3-adapter section, 4-allocation section, 5-leading-in section, 6-inlet of metal insert, 7-die insert.
Results and discussion
As for the extrusion process of plastic profile with metal insert, the volume flow rate and the metal insert moving velocity are two important processing parameters that can greatly influence polymer melts flow patterns. In the optimization process, these two parameters are taken as design variables and the outlet flow balance is taken as the objective function with a constraint on maximum shear stress. The forming 
The structure of network depends on the characteristics of the studied problem. A network with three layers is constructed with 2 cells in the input layer, 15 cells in the hidden layer and 2 cells in output layer. The learning factor is set as 0.1, the momentum factor is 0.7 and the tolerant error is 0.0001. The finite element simulation is adopted to build study samples database which is critical for the modelling of neural network. The input vectors include the volume flow rate and the metal insert moving velocity. The output vectors include the maximum shear stress max τ and the outlet velocity relative difference u δ which is defined as
where i u is the flow velocity at each node on the outlet cross-section, u is the mean flow velocity in the downstream, t is the total number of nodes on the outlet crosssection. 
where x , y , z are the three global coordinate components of each node on the inlet cross-section, r is the radius of the inlet cross-section and α is the included angle of the normal vector direction on the inlet cross-section with the horizontal extrusion direction. A fixed temperature inlet T T = is imposed on the inlet boundary. On the outlet cross-section, values of the relative pressure p and the temperature gradient along the flow direction are set to be zero. At the solid walls, the non-slip condition is imposed on the all velocity components. The velocity components of melts contacted to the die wall is set to be 0 The learning of neural network is executed according to the back propagation algorithm based on the study samples database including the velocity relative difference and the maximum shear stress obtained by finite element simulation within the scope of volume flow rate and metal insert moving velocity. After the tolerance is satisfied and network model is constructed, its feasibility and correction have to be verified. As it is shown in Tab. 2, we randomly choose ten samples and compared outputs of the network with that of the finite element simulation. It can be found that the difference between the results predicted by network and that calculated by finite element simulation is smaller than 5％. The neural network model constructed in the study can well evaluate the objective function. The generic algorithm is then performed to control the global optimization process. The population size is set to be 50, the maximum evolutionary step is 800, the crossover probability is 0.8 and the mutation probability is 0.15. The evolution of the fitness function and the design variables during the optimization process are respectively shown in Fig.5 and Fig.6 . Tab. 3 is the comparison of results before and after optimization. It can be found that the outlet velocity relative difference is decreased by 35.89%. When the volume flow rate and the metal inert moving velocity are respectively set to be 5.3338E-6m 3 /s and 1.0036E-3m/s, a relatively uniform flow velocity distribution can be achieved.
Conclusions
An optimization approach for extrusion process design based on finite element simulation, back propagation neural network and generic algorithm was proposed which can be used as an alternative method to traditionally time and labour consuming "trial and error" design method. The processing conditions in a novel extrusion process of plastic profile with metal insert are preliminary optimized by using the proposed method.
A three-layer neural network model was adopted for the evaluation of implicit objective function. The results of finite element simulation were used to train the neural network model by the employed BP learning algorithm. The penalty finite element model of polymer melts flowing through the complex flow channel in the extrusion process of plastic profile with metal insert was established and the distributions of flow field were calculated by using a decoupled algorithm. Generic algorithm was used as the optimization mainframe for the global search of optimal design variable. The implementations of above algorithms have been discussed in detail. As a consequence, the simplicity and effectiveness of the optimization approach developed in the study can be beneficial to the optimal design of such complex engineering problem as in the extrusion process of plastic profile with metal insert. The optimization objective of uniform flow velocity distribution on outlet crosssection with constraint shear stress was achieved by the optimal design of two processing parameters including the volume flow rate and the metal insert moving velocity.
It is a preliminary application of the presented optimization approach in the extrusion process of plastic profile with metal insert and it is expected to become an efficient tool for processing design in polymer extrusion and other polymer manufacturing processes.
